Open-cell box-lattice structures consisting of mutually orthogonal thermally conductive cylindrical ligaments can be configured to have wide ranging porosity, a large specific surface area and effective thermal conductivity in a particular direction together with specified structural characteristics. Thermal and mechanical properties can be tuned (and anisotropy introduced) by specification of different filament diameter and pitch for the vertical and horizontal filaments. Analytical models for porosity, specific surface area and effective thermal conductivity of lattice structures having different ligament diameters and pitches (anisotropy) are developed. The models show that all three of these quantities are functions of three dimensionless lengths.
INTRODUCTION
The performance of a compact heat exchanger is controlled largely by the surface area-to-volume ratio, β [1]. Porous media composed of small particle packed beds or foamed metals can be configured to have a relatively large surface areato-volume ratio, and therefore seem to be efficient heat transfer surfaces for compact and small-scale heat exchangers.
However, due to the tortuosity effect in combination with the high porosity of these materials, their effective thermal conductivity, ke is relatively small. The effective thermal conductivity is in the range of 10-15% of the particle thermal conductivity for a packed bed of spheres [2] , while it is only 2-6 % of the base metal value for commercially available aluminum foam [3] .
Heat exchanger performance can be increased by increasing the effective thermal conductivity of the solid component of the device. This can be done by applying a reticulated-solid porous media consisting of uninterrupted conductive filaments in the direction of preferred conduction heat transfer. Examples of structures with these characteristics are laminations of plainweave screens [4] , and three-dimensional woven mesh structures [5] . Xu and Wirtz [6, 7] have developed analytical models of porosity, ε, and β and the in-plane component of ke for screen laminates consisting of bonded 2-d plain-weave screens. Their work shows that plain weave screen laminates can be configured to have a relatively large surface area to volume ratio, with effective thermal conductivities of anisotropic screen laminates such as diamond weaves that could approach 78% of base material values. Wirtz and coworkers [5] employed three-filament stacked weave configuration exchanger surfaces. These are very dense structures, with metal fractions, (1-ε) that can range from 0.59 to 0.785 and 2.36 ≤ βd ≤ 2π. Prototype aluminum filaments stacked weaves with one filament (D v =0.76mm) having twice the diameter of the other two have β = 4580 m -1 and ke = 84 W/mK. Park et al [4] (screen laminates) and Wirtz et al [5] (3-filament weaves) found that these structures have Stanton number characteristics that are comparable to other compact heat exchanger surfaces, and Park et al [4] have also shown that the performance of such structures, deployed as heat exchanger surfaces is approximately proportional to ke β , so exchanger surfaces having both large specific surface area and effective thermal conductivity are expected to exhibit superior thermal performance.
Box lattice structure heat exchanger matrices are considered in the present discussion. An open-cell box lattice structure consists of mutually orthogonal thermally conductive ligaments. By varying the ligament diameter and pitch in vertical and horizontal directions the thermal and mechanical properties of the structure can be tuned to a specific application. Gullbrand and coworkers [8] have recently reported on singlephase convection in mm-scale box lattices. They found that steady laminar flow persists up to a mesh Reynolds number of 100, with a transition to an unsteady flow at a mesh Reynolds number of 300. The flow exhibits jet-like behavior, and at the highest Reynolds number considered (1000), they observed rms velocity fluctuations that were 26% of the mean velocity. Friction factor and Stanton number correlations were similar to those observed by Park et al [4] and Wirtz [5] .
In this paper, analytical models of porosity and specific surface area are developed and the results are compared with numerical approximations obtained using solid modeling software [9] . An analytical model for the effective thermal conductivity of anisotropic box lattices is developed; and the results are bench marked with a finite volume code [13] . 
NOMENCLATURE

GEOMETRIC SPECIFICATION:
In this study, conductive ligaments are mutually perpendicular circular cylinders as shown in Fig. 1 , where D is the filament diameter and P is the filament pitch. We limit our attention to lattices where the two filaments lying in the horizontal plane have the same diameter (D h ), and the vertical-axis filament diameter, D v ≥ D h . Furthermore, the vertical-axis filaments have the same pitch in the x-and z-direction and the horizontal axis filaments have the same pitch (P h ).
In the heat exchanger application, conduction is presumed to be predominantly vertical (as shown in the Fig.2) , with coolant flow predominantly in the horizontal plane, so heat is conducted along the vertical-axis filaments, and then horizontally along the horizontal axis filaments, which act as The objective is to configure the box lattice to have large β and ke y , while at the same time the porosity is maintained at a sufficient level to limit coolant pressure drop.
Consideration of a unit cell of the lattice reduces the complexity of the problem. As shown in Fig. 3 , the overall dimensions of the unit cell are P v .P h
2
. The unit cell element is a vertical-axis cylinder of diameter D v and length P v that intersects a cruciform consisting of two mutually perpendicular cylinders of diameter D h and length P h , which lie in the horizontal plane. It is noted that cylinder ends do not contribute any surface area to the structure. In the context of the heat exchange application, there is a temperature gradient, v P T Δ established across the cylinder/cruciform such that the heat transfer rate is q v .
POROSITY
The porosity of the anisotropic box lattice matrix is derived in terms of the solid volume fraction (1-ε) of the unit cell.
A systematic procedure, which is an extension to the Steinmetz's classical solution for three equal diameter intersecting cylinders [10] , is employed to determine the solid volume in the unit cell. The diameter of the vertical ligament when varied with respect to the diameter of the horizontal ligaments, leads to two Cases of calculation. The two Cases observed are
Case 1: Figure 4 shows the two possibilities as well as the border line case,
observed from the top of the unit cell. When observed from above, the seams of the horizontal filaments at their intersection are visible only for the Case 1. For the other Case, the seams of the horizontal cylinders are not visible and the sides of the vertical cylinder sides are more exposed.
To calculate the total volume of the solid, consider constructing a cruciform from three solid individual cylinders. Initially, volumes must be deducted from the horizontal cylinders in order to accommodate the vertical cylinder. ), further modifications are necessary to one of the horizontal cylinders; namely, a small additional
) must be removed from one horizontal cylinder so it will fit around the other horizontal cylinder. Thus the final solid can be written as 
Fig. 3 The Unit Cell
The volume fraction for the two Cases can be simplified as
For Case 2, the volume of intersection of the two horizontal cylinders lies within the vertical cylinder. Hence there are no extra volumes to be added Case 2:
To enable scaling of the results and to simplify the equations, non-dimensional parameters are introduced.
The components of volume fraction, for the two Cases shown in Eq. (9) and Eq. (10) for two values of r, r=1 and r=3. It is observed; the volume fraction decreases with increasing P h /D h and remains essentially constant as P v increases. When the model is tested under the limit P h /D h = 1, r=1, and P v /D h = 1, 1-ε is observed to be 0.942. This limit corresponds to the densest configuration of the unit cell, as shown in Fig. 9 . The model is verified for asymptotic limits where P v /D h is large, P h /D h and r equal to 1. It is observed that the volume fraction is equal to π/4, i.e. the volume of single cylinder in a box. The results are benchmarked against the numerical predictions of metal fraction obtained from a solid modeling code [9] . Table 1 compares the results of the current model with the numerical estimates from the solid modeling code. Three cases of geometry are considered with varying diameters and pitches. There is a negligible difference when compared to the numerical estimates of the solid modeling code. 
SPECIFIC SURFACE AREA
The specific surface area of an anisotropic box-matrix structure is the ratio of the surface area of solid material in the unit cell to the volume of the unit cell. 
The approach to calculate specific surface area is similar to that of volume fraction. Three individual cylinders are considered and they are "assembled" in the form of a cruciform. In order to do that, some parts of areas are "drilled" from each individual cylinder. Fig.6 and Fig.7 show the areas to be removed. Fig.7 illustrates the two Cases. It explains the "caps" being drilled out from the vertical cylinders. For Case 1 the overlapping sections are shown clearly. The overlapping sections indicate the area which is excessively "drilled" from the cylinders. Fig.6 explains the central areas of the horizontal cylinder which lie inside the vertical cylinder and are not exposed. For Case 1, the overlapping section implies the surface area which is not exposed as it lies inside the horizontal cylinders. We can write the specific surface area-filament diameter product as follows
The components of the specific surface area are
where h S is the horizontal cylinder specific surface area and v S is the vertical cylinder area. The part of the vertical cylinder to be removed is From Fig. 9 , the densest configuration in a unit cell, we can conclude that the 0.939 is the lowest limit of βD v . For the validation of the model, it is tested for asymptotic limits where P v /D h is large and P h /D h and r are equal to 1. This limit represents a single vertical cylinder in the unit cell. Therefore, we get a value of π.
The model is also verified by bench marking the results against numerical solutions obtained from solid modeling software [9] . Table 2 compares results of the current model with the solid modeling software predictions. In all cases considered it is observed that the difference is negligible. 
EFFECTIVE THERMAL CONDUCTIVITY
Assume there is a vertical temperature gradient across the unit cell so that heat is conducted is along the vertical filament and across the horizontal-filament cruciform of Fig. 3 . The effective thermal conductivity, ke v can be defined such that 
where k s is the thermal conductivity of the filament material. The quantity 2(R m + R sp ) is the thermal resistance across the horizontal-filament cruciform. We model the cruciform structure as a disk of diameter P h and thickness D h , where the vertical-filament segment/disk interface is assumed to be isothermal, as shown in Fig. 10 . The effective thermal conductivity of the disk material is weighted by the cruciformto-disk volume ratio where Eqs. (43 -48) can be written as Table 3 where it is shown that C = 1.4 results in an rms difference between the two methods of less than 3.4 %. [5, 6, and 7] .
CONCLUSIONS:
Analytical models for porosity, specific surface area and effective thermal conductivity of anisotropic box lattice The analytic models for (1-ε) and βD v are exact; the accuracy of the equations depends solely on the accuracy of the numerical integrator employed in evaluating expressions. The solid fraction (1-ε) and dimensionless specific surface area, βD v are shown to increase with increasing r, and decreasing h P . Furthermore, for given r, the solid fraction is maximum while βD v is a local minimum when both The effective thermal conductivity model is based on the assumption that the horizontal cruciform component can be represented by a disk of reduced thermal conductivity (see Eqs. 44-46). The model shows the dimensionless effective thermal conductivity, Ke v to increase with increasing r, and decreasing h P . For given r, Ke v is maximum, equal to π/4 when 1 → h P , independent of v P .
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